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Enlargement of step-free SiC surfaces by homoepitaxial web growth
of thin SiC cantilevers
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Lateral homoepitaxial growth of thin cantilevers emanating from mesa patterns that were reactive
ion etched into on-axis commercial SiC substrates prior to growth is reported. The thin cantilevers
form after pure stepflow growth removes almost all atomic steps from the top surface of a mesa,
after which additional adatoms collected by the large step-free surface migrate to the mesa sidewall
where they rapidly incorporate into the crystal near the top of the mesa sidewall. The lateral
propagation of the step-free cantilevered surface is significantly affected by pregrowth mesa shape
and orientation, with the highest lateral expansion rates observed at the inside concave corners of
V-shaped pregrowth mesas with arms lengthwise oriented along1tt@)) direction. Complete
spanning of the interiors of V's and other mesa shapes with concave corners by webbed cantilevers
was accomplished. Optical microscopy, synchrotron white beam x-ray topography and atomic force
microscopy analysis of webbed regions formed over a micropipe and closed-core screw dislocations
show that c-axis propagation of these defects is terminated by the webbing. Despite the
nonoptimized process employed in this initial study, webbed surfaces as largexak01 %4cn?,

more than four times the pregrowth mesa area, were grown. However, the largest webbed surfaces
were not completely free of bilayer steps, due to unintentional growth of 3C-SiC that occurred in the
nonoptimized process. Further process optimization should enable larger step-free webs to be
realized. ©2002 American Institute of Physic§DOI: 10.1063/1.1497456

I. INTRODUCTION shown to arise even when IlI-N growth is carried out on
well-ordered 6H-SIC terraces with urfit.5) nm step heights
Substantial progress is being made towards realizing indefined byin situ pregrowth etching:® Thus, these works
creasingly useful wide band gap SiC and GaN semiconducallude to step-free SiC surfaces as being highly beneficial for
tor electronic devices? However, the manufacturing yield, realizing improved heteroepitaxial 1lI-N films.
electrical performance, and reliability of these electronic de-  Recent studies have experimentally demonstrated that
vices is adversely affected by the presence of dislocatioRtep-free 4H- or 6H-SiC surfaces can be employed to greatly
defects and nonideal surfaces that arise from the methodmprove the quality of lattice mismatched heteroepitaxial
presently used to grow and prepare wide band gap crystatims. In particular, 2zm-thick (i.e., much greater than the
for device fabrication. Because large crystals of group Ill-calculated critical thickness for strain relief via dislocation
nitride (I1I-N) semiconductorgsuch as GaNused for de-  generatioi heteroepitaxial films of 3C-SiCin-plane lattice
vice fabrication are generally grown by heteroepitaxy, theymismatched to 4H-SiC ofa/a~0.08%) completely free of
contain a high density of dislocations that thread from thestacking fault and double-positioning boundary defects were
substrate/epilayer interface and, in the case of lateral epitaXeproducibly grown on step-free 4H-SiC mesa surfaces as
ial overgrowth films, regions of coalescence. In the case Ofarge as 0.4 mm0.4 mm®
II-N growth on hexagonal SiC substrates, recent studies presently, SiC devices are implemented in homoepitaxial
have shown that many dislocations propagating from thejjms grown on large(presently up to 75 mm in diamejer
substrate/epilayer interface originate at atomic-scale stepsic wafers with surfaces 3°—8° off th@001) basal plane
that are left behind on the substrate surface prior to epitaxial t from sublimation-grown boules. In these films, the screw
growth, despite the use of improved polishing techniquegjisiocations(both hollow core micropipes and closed-core
that attain surface (0001 basal plane tilt angles of about a gcrew dislocations that occur in all commercial wafers
tenth of a degreé.These step-related defects have beenyreaq up the crystallographizaxis to penetrate the entire
thickness of the homoepilayer. The occurrence of these de-
dElectronic mail: neudeck@grc.nasa.gov fects has been shown to degrade the operation of various SiC
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devices’™® The presence of bilaydor large) steps on SiC  TABLE I. Experimental wafer process parameters.
homoepilayer surfaces makes them rough compared to sii'g
ample No.

con, where it is well documented that oxide—semiconductor Trench deptfum) Growth time(h)
interface roughness harms the performance and/or reliability 1 5-6 0.5
of Si/SiO, metal—oxide—semiconductor field effect transis- 2 12-15 10
tors (MOSFETS.2% Therefore, it is possible that the poor i 185__1200 i:g
electrical performance and reliability that plagues experi- s 15-20 6.0

mental inversion channel SiC/SiOMOSFETs to date might
improve somewhat if smoother, screw dislocation-free SiC
epilayer surfaces could be realized.

The process for the formation of SiC mesa surfaces comygn0_1650°C at a pressure of 200 mbar. The sources of Si
pletely free of even a single atomic step was recently; 4 c were Sitf (2.7 cn¥/min) and GHg (0.3 cr/min),
reported:®>!* As described by Powebt al,'? these surfaces respectively, in H (total flow 4400 crifmin). For 4H-SiC
are produced on commercially purchased on-axis 4H- or 6Hhom0epi|ayers grown on 8° off-axis wafers in these reactor
SiC wafers by first reactive ion etching trench patterns into.qngitions growth rates aroundZn/h were obtained over
the wafer surface to form an array of isolated growth mesasy e central majority of 2 in. diameter substrates. However, in
Pure stepflow epitaxial growth, carried out under Cond't'onsregions within 5 mm of a wafer edge, the homoepilayer
that suppress undesired two-dimensiof2) terrace nucle-  4.o\th rate was observed to rapidly increase with decreasing

ation of 3C-SiC, is then used to grow all initial surface stepsyistance from the wafer edge, to roughly double the growth
on top of the mesa over to the edge of the mesa, leavingia optained in the wafer central region.

behind a top mesa surface that is completely free of atomic Following epitaxial growth, wafers were characterized
steps. The step-free surfaces produced are of sufficient argdtially by Nomarski optical microscopyNOM) and atomic
to contain entire prototype devices. However, as reported by, .o microscopy(AFM). AFM scans were taken using ei-
Powellet al,? the high density of screw dislocations limited ther a Digital Instruments Dimension 30(DI3000) AFM in
the yield and size of step free mesas attained on commercifgpping mode or a Park Scientific Auto Probe LS AEM in
SiC substrates. Mesas that initially contain screw dislocation qntact mode. The ability of both AFM instruments to clearly
defects cannot be flattened due to the continual spiral of neW,,ea1 0.5 nm steps was verified on each sample prior to and
growth steps that emanate from screw dislocations duringsioying measurement of step-free mesas by measuring hill-
epitaxial growth. e _ ock steps produced on nearby nonflat mesas containing el-
This article presents significant advancements in thementary screw dislocatioh Following the conclusion of
growth and characterization of step-free mesas on commefzgp studies, some portions of some samples were studied
cial SiC wafers. In particular, thin lateral cantilevers haveby scanning electron microscop{SEM). The reason for
been observed to form on mesa surfaces after pure SteDﬂO(‘fY)mpleting AFM measurements before conducting SEM was
growth removes almost all atomic steps from the top surfaceyat in previous experiments we noted that our SEM instru-
as initially reported by Neudeast al.***This article exten- ey degraded the AFM-revealed surface quality of similar
sively details the observed growth behavior, demonstratingammes_ Synchrotron white beam x-ray topography
that the lateral propagation of the step-free cantilevered SUFSWBXT), carried out at beamline X-19C at the National
face is significantly affected by pregrowth mesa shape andncnrotron Light Source at Brookhaven National Labora-
crystallographic orientation. Building upon these observaygry \as also used to spatially confirm the presence of screw
tions, a SiC homoepitaxial lateral overgrowth process thafjigigcations at various locations on some samples. Details on
terminates thec-axis propagation of screw dislocations is gijc gislocation mapping using SWBXT are given by
implemented, thereby enabling larger-area atomically flapygjey?” but it should be noted that the wafer backside was

surfaces to be realized on commercial SiC wafers. polished prior to SWBXT in an effort to maximize topo-
graphic image clarity by minimizing backside surface rough-
Il. EXPERIMENT ness.

Regions where unintentional heteroepitaxial growth of
All experiments were carried out on standard commer3C-SiC occurred were mapped by thermal oxidatipaly-

cial “on-axis” 4H- and 6H-SiC wafers which had the Si-face type color mapping and defect delineation following 5 h
side of the wafer polished to within 0.2° of t1i@001) basal 1150 °C dry oxidation'® and SWBXT as described by Dud-
plane'® Mesa patterningby reactive ion etching trenches ley et al>?°An important finding of the work of the Dudley
and subsequent epitaxial growth were carried out using thet al1®?°study, which was carried out on a near-edge-region
same cold-wall horizontal chemical vapor depositi@VvD) of sample 1 where an abundance of 3C-SiC was unintention-
system and general procedures described by Patelll>  ally grown (confirmed by x-ray analysis, oxide color, and the
Table | gives the pregrowth trench depths and epitaxiapresence of stacking fault features in the oxidized sample
growth times employed for the five 4H-SiC wafers from was that regions of 3C-SiC nucleation and growth consis-
which experimental results are presented in this article. Asently exhibited 0.25 nnfi.e., single Si—C bilayer thickness
more fully described by PoweBt al,'? the growth process step heights. In contrast, step heights observed in regions of
consisted of1) anin situH, etch for 5 min at 1600-1650 °C 4H-SiC growth were multiples of 0.5 nm, usually 1.0 nm.
at a pressure of 100—-200 mbar followed () growth at  Thus, for characterizing the results of growth processes em-
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FIG. 1. SEM micrograph of thin lateral 4H-SiC cantilever emanating from
mesa top on sample 1 after 30 min of epitaxial growth. The cantilever
seamlessly extends the step-free top surface.

ployed in this article, the detection of 0.25 nm growth steps
was used as an additional indicator of unintentional 3C-SiC
heterogrowth.

Ill. RESULTS AND DISCUSSION

NOM and AFM studies of 4H-SiC sample 1 of Table |
was carried out and reported previouslElementary screw
dislocations were observed to be responsible for the vast ma-
jority (>95%) of mesas where steps remained, and resulting
growth hillocks were observable by NOM. Nearly identical
results were also obtained on the additional samples listed in
Table | as well as six other samplésome 6H-Si¢ also
grown as part of this study. Initial samplegncluding
samples 1-3 in Table Employed the same pregrowth mesa
pattern that predominantly consisted of isolated rectangles
and squares ranging in dimension from x50 um to FIG. 2. (a) Optical micrograph of three 5amx50 um mesas, plus-shaped
0.4 mmx0.4 mm. Over a dozen examples of 0.4 x4 mesa, and letter-shaped mesas prior to epita)_(ial grd\h)r_Opt_icaI micro-

. graph of mesa patterns on sample 4 follogvih h of eptaxial growth.
mm step-free surfaces were measured on a wafer listed Interference fringes are clearly visible where thin cantilevers have formed.
in Table D with low substrate screw dislocation density. (c) SEM micrograph of plus-shapégregrowth mesa on sample 2 follow-

Closer examination of these initial samples revealed ang 1 h of epitaxial growth.
most interesting growth behavior along the mesa edges. This
behavior is summarized below in Figs. 1-2. Figure 1 shows
a postgrowth SEM of a mesa sidewedhe of the walls of a  the optical appearance of one of these mesa patterns on
square-shaped mesan sample 1. Athin lateral cantilever on sample 2 followily 1 h of epitaxial growth. The leftmost
the order of a micrometer thick is observed emanating fromsquare mesa and the “N” mesa illustrate the typical optical
the top of the mesa sidewall, extending outward in theappearance of postgrowth mesas that contain one or more
(1120) direction. The cantilever appears to seamlessly exelosed-core screw dislocations prior to epitaxial growth.
tend the basal plane mesa surface. The thickness of the cahhese mesas grew vertically due to the continual spiral of
tilever appears slightly nonuniform due to thickness variatiomew growth steps that emanate from the screw dislocations.
along the underside. It should be noted that there is no carfhus, the top surface of these mesas with screw dislocations
tilever overhanging the corner region of the squ@uee- is 2—3 um higher than the remaining mesas that did not
growth) mesa shape, which appears to have evolved into gontain screw dislocations.
small {1100} growth facet. Both 4H-SiC and 6H-SiC The remaining mesas in Fig(l® illustrate the typical
samples exhibited this behavior. optical postgrowth appearance of screw dislocation free me-

Figure 2a) shows an optical micrograph of three 50 sas that have been rendered step-free by the epitaxial growth
umx50 um square mesas prior to epitaxial growth, alongprocess. The lighter regiorisuch as between the arms of the
with a plus-shaped mask alignment mark and letter-shapeplus-shapgin screw dislocation-free mesas are areas where
mesas which form the acronym “NASA.” Figurg® shows  thin cantilevers have evolved from the top of the mesa side-




2394 J. Appl. Phys., Vol. 92, No. 5, 1 September 2002 Neudeck et al.

Initial wafer top surface Surface steps Topmost tem impinge on the large top surface areas and become mo-
_/ ] bilayer bile adatoms that move about on the step-free surface. These
Dry-etched mobile adatoms gventually migrate to the mesa edge and

trench bottom onto the mesa sidewall. The favorable bondiing., high

------------- bond density of the mesa sidewall promotes rapid incorpo-
ration of adatoms into the crystal before they migrate more
\ than a few micrometers below the top edge of the mesa side-

(0001) Basal plane wall, forming thin cantilevers as schematically depicted in

Fig. 3(c). As long as conditions are properly maintained to
effectively suppress 2D terrace nucleation, the pure stepflow

() Mesa side nature of the growth ensures that the top surfaces of the
cantilevers are seamless step-free extensions of the basal
5 plane mesa surface. However as depicted in F{g), 3he

underside of the cantilever will not grow with a uniform
thickness, because the sidewall underneath will grow accord-
ing to the availability of growth reactants. For clarity, Fig. 3
does not depict growth that occurs on the lower portions of
© the vertical mesa sidewalls and the trench bottoms.
Cantilevers are not generally observed on simple mesa
shapes that contain screw dislocations prior to epitaxial
growth. We hypothesize that this is because growth adatoms
FIG. 3. Simplistic schematic cross-sectional depiction of cantilever forma-arriving on such a mesa rapidly incorporate into steps ema-
t@on pr_ocess(a) Initia! mesa with bilayt_er steps that arise due to uninten- nating from the screw dislocation hillock, and are therefore
Lo i ol sttt Ml resec0000 s D) o101 2DIE 0 Migrate 1o the mes ecige o promote formation of
conditions with no 2D terrace nucleation and no dislocations to providecantilevers. Thus, as discussed by Powekl, = mesas with
growth steps within the meséc) By continuing epitaxial growth, cantile-  screw dislocations will experience vertical growth of the

vers are formed as growth adatoms, harvested by the large step-free surfa?ﬁesa top surface instead of the realization of a step-free top
migrate to the mesa edge where the high bond density leads to incorporation

into the crystal near the top of the mesa sidewall. For clarity, the growth thaﬁurface' ) o )
occurs on the lower portions of the vertical mesa sidewalls and the trench ~ The results of Figs. 1 and 2 clearly indicate that there is

bottoms is not depicted. a strong directional and shape dependence to cantilever for-
mation consistent with the faceting behavior of hexagonal
o ) . ~SiC platelet$! For example, on the two mesas towards the
wall. Optical interference fringes that are particularly visible right side of Fig. 2b) (i.e., square mesas without screw dis-
in the cantilever regions of the plus shape and letters "ASA”Iocations), cantilevers are formed only on the left and right

are attributed to the interaction of the microscope light Withedges where lateral growth extends toward(the2) direc-
the slight variat?ons in cantilever thickness. Figuréc)2 ions. For the case of the nearby plus-shaped rfeswell as
shows a SEM micrograph of a plus-shaped mesa on Samp[ﬁe mesa shown in Fig.(®], the lateral web growth was

3|' 'tl'hle epitaxially E}!ro‘m ﬂ;'”n :ﬁteral Can';lltiversl havr? Cor(;|1'greatly enhanced at each concave corner of the structure.
pletely spannedor “webbed”) the arms of the plus-shape However, there is no cantilever overhanging the left and

mesa, forming a seamless nearly hexagonal-shaped “tabl?i'ght ends of the plus-shaped support structiie, directly

top” sitting on top of a cross-shaped support structure. Th -
formation of this structure indicates that enhanced Iateraoward<1lzo>) in Fig. 2, as these two ends of the support

web growth occurred at the insidee., concavecomers of ~ Structure enlarged 1100} facets during the growth. Al
mesa shapes, which combined with hexagonal growth facd20Stgrowth mesas, even those with screw dislocations, ex-
ting to produce the result shown in Fig. 2. We have descriphibited some degree of lateral sidewall expansion and evolu-
tively named such features “webbed cantilevers.” In addi-tion of {1100} hexagonal growth facets.
tion to web growth, Fig. 2 shows that some sidewall growth I order to better study the growth of webbed cantile-
also occurred to somewhat expand the plus-shaped suppdi€rs, a mask featuring a variety of mesa shapes with inside
structure. corners was designed. Pregrowth mesa shapes resembling
To explain the formation of the thin lateral cantilevers, V's, U’s, plus-signs, six-pointed stafsimilar to an asterisk
we propose the following model depicted by the simplifiedcharactey, as well as more complex shapes of various sizes
schematic cross sections of Fig. 3. The initial mesa withand aspect ratios were etched into on-axis 4H-SiC wafers to
steps on the surface is shown in Figa)3 Using the process a height(i.e., trench depthbetween 15 and 2@m. The
of Powellet al,*? pure stepflow growth is then used to grow epitaxial growth process described earlier was carried out
all steps out of existence as depicted in Figh)3In the  with the growth time increased 6 h tofacilitate more com-
absence of steps, sources of additional stepg, screw dis- plete webbing of larger structurésample 5 of Table)l On
location defects and 2D nucleation on the top of a large mesas without screw dislocations, this succeeded in produc-
step-free surface, vertical epilayer growth in thaxis direc-  ing thin cantilevers with much greater lateral extension from
tion ceases. Nevertheless, growth reactants in the CVD sysnesa sidewalls. To study the early evolution of webbing with

Thin cantilever
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the mesa shapes, a separate growth fuhlowas also con-
ducted on a different substrate with the same mesa pattern
(sample 4 of Table)l

Figure 4a) is an optical micrograph of two test mesa V
shapes etched into a substrate prior to epitaxial growth. Fig-
ure 4b) shows a sample of the mesa and partial webbing
following one hour of growth in the higher growth-rate near-
edge region of the substrate. Figurgg)44(e) show three
different optical microscopic views of two particular test me-
sas[that started from the shape depicted in Figa)% on
sample 5 following te 6 h epitaxial growth. Figure(d)
shows the postgrowth optical appearance of the two mesas
looking from the wafer topside. For mesas that did not ini-
tially contain screw dislocations, ¢h6 h growth time was
sufficient to enable complete spannifig., webbing of the
interior portions of the mesas by thin cantilevers. A nearby
mesa of the same shafpeot shown did not exhibit appre-
ciable lateral webbing, but instead grew vertically over 15
wm taller than the mesas of Figs(ch4(e) due to the fact (c) 6-hour growth
that it initially contained a screw dislocation that provided
steps for vertical growth. Strong optical interference fringes
were visible in almost all webbed regions, including the
webs shown in Figs.#) and 4c). Consistent with previous
figures, these fringes indicate that the webbed regions are

(a) Pre-groyv_th mesas

4H/3C
borders

thin, but not uniform in thickness due to material growth on Webbed in trench ——

the underside of the webbing. mcantilever l upipe #1 I
Some noteworthy features are visible in the trench re- .

gions of Fig. 4c). A micropipe (labeled upipe No. 1 is / T ppipe #1

denoted in the trench region of Fig(c} Additional features -(d) Backside view (topside focus)

denoted are borders between regions of 3C-SiC growth and z
regions of 4H-SiC growth that occurred in the trenches. The
presence of 3C-SiC in trenches was initially indicated by the
yellow optical color of the crystaffor sample % and double-
positioning boundary defects, and confirmed by polytype and
stacking fault defect mapping via thermal oxidatf8i° This

work made no effort to control nucleation and growth in the
trenches between mesas for any of the samples. Significant
2D nucleation and growth of 3C-SiC occurred on the trench >
bottoms of all samples, mixed in with homoepitaxial growth "
of 4H-SiC. That micropipes are surrounded by 4H-SIC is #
consistent with the fact that they are screw dislocations
which are sources of abundant steps to support SiC homoepi-
taxy, in agreement with previous studf@sThe nucleation of
3C-SiC was likely aided by residual plasma etch damage in
the trench bottoms. Otherwise, the relative abundance of 3C-
SiC in trench bottoms with steps would be inconsistent with
the relative absence of 3C-SiC on large step-free mesa SUFIG. 4. (a) Optical micrograph of two V-shaped test mesa patterns prior to
faces. epitaxial growth.(b) Optical micrograph of thin webbing formed along in-

. . . terior of V shape on sample 4 followgnl h of epitaxial growth.(c) Optical
Figures 4d) and 49) show two mlcrOQraphs O]_c the Flg. micrograph of thin webbing completely spanning the interior of the
4(c) mesas taken looking from the wafer backside. Figurey,shaped mesas on sample 5 follogif h of epitaxial growth.(d) Optical
4(d) was taken looking completely through the transparentnicrograph of same mesas (o) viewed through the polished wafer back-
SiC wafer to focus on the trench topside surface. while Figsme with the wafer topside in focus. A micropipgapipe No. 2 resides

. . . ' beneath the webbinge) Same as(d) except the focus is on the wafer
4(e) was taken with optical focus on the polished wafer backy,cxside.
side surface. Most of the texture observed where the webbing
is present in Fig. @) is due to nonuniform material deposi-
tion on the trench bottom beneath the webbing. This concludling. Similar nonuniform trench deposition is also evident
sion is based upon direct topside observation of trenclbeneath the cantilever shown in Fig. 1. The backside views
growth beneath webbing on other mesgast shown where  of the wafer clearly show the presence of a second mi-

the webbing was unintentionally shattered by tweezer haneropipe, denoted ggpipe No. 2, that can be observed all the

(e)B ‘f kside view (backside focus) :

= [wwert]

| ppipe #2
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way through the wafer by varying the focus. Figur&)4
shows that this micropipe intersects the topside trench sur-
face directly beneath the webbing of the right mesa. The fact
that there is no sign of this micropipe in the Figcymicro-
graph of the same webbed mesa viewed from the topside
indicates that this defect present in the substrate did not
propagate into the overgrown webbing. Figurgs)44(e)
right mesa was the only instance where a micropipe was
observed to reside directly beneath a webbed cantilever, as
the rest of the wafer exhibited a much lower micropipe den-
sity than the region depicted in Figsici4(e).

In order to confirm the complete absence of the
micropipe/screw dislocation from the webbing, the right VUV UVY YV
mesa in Figs. &)—4(e) was studied extensively by AFM,
along with a dozen other webbed mesas on the sample. The
presence of tall mesas that grew vertically due to screw dis-
locations on this sample often obstructed the AFM tip from
reaching and scanning webbed surfaces of interest. The AFM
characterization of webbed regions was made even more dif-
ficult due to sinusoidal optical interference measurement ar-
tifacts generated by the interaction of the AFM laser with the
thin SiC webbing. These artifacts are evident in both scans of
Fig. 5, which show AFM scan data from two different AFM
instruments of the webbed surface directly oupipe No. 2
of Figs. 4c)—4(e). Figure 3a) was measured with a Digital
Instruments Dimension 3000DI3000) AFM in tapping
mode, while Fig. ) shows the same region measured with
a Park Scientific Auto Probe LS AFM in contact mode. The
insets of the Fig. 5 scans show AFM cross-sectional line
plots that are distinctly different from each other in their
periodicity and amplitude. The inconsistency between the
two Fig. 5 measurements indicates that the sinusoidal undu- | T T
lations are measurement artifacts. Similar AFM measurement 0.00 4.00 8.00 um
artifacts have been previously obsertéd? Despite the
presence of optical interference undulations, the DI300EIG. 5. AFM data of webbed region immediately above Figl) 4tpipe No.
AFM was nevertheless able to resolve 0.25 (im., single 2 measured bya) DI3000 in tapping mode, anth) Park Scientific LS in

i ; ; contact mode. Both scans show different undulation characteristescut-
SI-C bllaye) steps on the surfaces of other webbed I‘(aglonsline plot inset$ due to AFM measurement artifacts, but no steps were de-

as will be discussed later in this article. No steps were ODgected. Additional AFM scans covering the rest of this mesa/webbed surface
served in a series of scans taken which covered almost thoduced similar profiles, with no steps detected.
entire top of the right mesa shown in Figgcy-4(e). Hill-
ocks and steps are always observed on mesas when screw
dislocations are presett?® Hence, the absence of hillocks In contrast, when thin cantilevers from separated mesa
and steps from the mesa/web indicates successful oveshapedqsuch as side-by-side rectangle®nverged and met
growth of the micropipe screw dislocation defect. during growth, imperfect coalescence was almost always ob-
Figures 4b) and 4c) illustrate the process of the merg- servable by optical microscope or SEM inspection. While the
ing of cantilevers growing on each arm of the V-shaped meresults from nearby mesa pairs were quite variable, it often
sas. AFM scans of the Fig(@) right mesa indicate that the appeared that the leading edge of one cantilever slipped be-
resulting webbed cantilever is step-free, indicating thamneath the leading edge of the opposite approaching cantile-
defect-free merging occurred. Optical and SEM inspectiorver. Detailed experimental study of the exact nature of this
revealed that greater than 95% of cantilevers that merged iimperfect coalescence of separated mesas is beyond the im-
a similar mannef(i.e., from opposite arms of the same step-mediate scope and focus of this article. However, by simply
free V-shaped or U-shaped me¢smame together to form a placing two figure Fig. &) cross sections next to each other
featureless top surface free of morphological features in tha a side-by-side manner, one can envision how the nonzero
region of coalescence. While four of these featurelessilt angle of the basal plane relative to the original substrate
webbed mesaut of a dozen scanngdvere also found by surface may contribute to the observed defective coalescence
AFM to be completely free of steps, unintentional growth of of cantilevers from separate mesas. We suggest that it would
3C-SiC (discussed latgr prevented the other featureless only require a very slighton the order of 0.25 nm, the height
webbed surfaces on the sample from being classified as comf single Si—C bilayervertical deformation at the end of the
pletely step-free as measured by AFM. long (tens of micrometepsthin cantilevers to cause an unfa-
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FIG. 6. Optical micrograph of webbing on two comb-shaped mesas on
sample 4 followirg 1 h of eptaxial growth. The inset of the figure shows the
pregrowth mesa shape. The webbing is more complete for the comb mesa on
the left, reflecting the benefits of orienting narrow fingers lengthwise along
the (1100) direction.

vorable misalignment of converging cantilevers. We further
speculate that such a deformation might be expected to occur
during growth due to some combination of thermal gradient
effects and/or substrate stress effects. Such small deforma-
tions (less than one millionth the length of a cantilever
would probably result in misalignment of the stacking se-
guence when one cantilever laterally meets up with the op-
posite cantilever.

Our experimental results indicate that open mesa shapes
with continuous top step-free surfaces facilitate highly or-
dered joining of cantilevers evolving from opposite arms of
the shape to occur. In particular, the V-shape nisseh as
Fig. 4@)], after it has been rendered entirely step-free during
the initial stages of growth, appears to enable an ordere8lG. 7. (a Optical micrograph of largest pregrowth mesa shape tested in
“zippering” together of cantilevers growing from opposite this study. Thg_shape cont_ains j(_)ined variations of both U-shaped and

. . . . R V-shaped primitives.(b) Optical micrograph of fully webbed mesa on
arms of the structure. As is evident in Figb# the joining of sample 5 afte6 h of epitaxial growth(c) Back reflection x-ray topograph of
the two cantilevers occurs in a progressive fashion along amesa shown irb). Arrows denote examples of substrate screw dislocations
outwardly moving apexdenoted as “interior web apex” in that were overgrown and imaged by x-ray beam penetration through the thin

: : : : : webbing. No evidence of screw dislocation hillocks or 4H-SiC growth steps
Fig. 4(b)] where the interior cantilevers from the two sides of in the webbing was detected by AFM. However, this surface was not step-

the V intersect. As the web expands, the top bila:Y?rS of thgee (some 0.25 nm high steps were detettae to unintentional growth of
web apex act as a site where growth adatoms spilling off thec-sic.

step-free surface preferentially incorporate. Both sides of the
apex have the samstep-fre¢ basal plane top surface, and
the high bond density on the leading edge sidewall of the
cantilever ensures adatom incorporation into the crystal verglace on the left third of the structure. The enhanced growth
near to the topmost bilayer. Therefore, we propose that thi the interior of each U enables well-ordered coalescence
joining of cantilevers occurs in vertical registration as thefrom the separate arm@.e., fingers to proceed along an
interior web apex is grown outward, enabling the observedutwardly moving coalescence apex in a similar manner as
step-free top surface throughout the region of joining. the V shape. For both postgrowth mesas of Fig. 6, there is
The U-shaped mesa primitive also exhibited well-negligible cantilevering observed on the shape extdiier,
ordered joining of cantilevers in a similar manner as thethe three nonfingered sidesHowever, the mesa support
V-shape mesa primitive. Figure 6 shows the evolution of twostrycture laterally enlarged to forfil 100} facets on the ex-
differently oriented “comb” shaped mesas followgrl h of  terior sides.
growth. The pregrowth shape, illustrated in the Fig. 6 inset,  |arger web growth test mesas were constructed from
is a conjunction of three U-shaped mesa primiti@sth  joined multiple combinations of V- and/or U-shaped mesa
right-angle interior corneysFollowing growth, the long fin-  primitives. Figure 7 illustrates experimental results from
gers of the left comb are noticeably more webbed than theych a structure, which is the largest tested in our experi-
fingers of the right comb, consistent with the preference ofnents to date. The Fig(&) optical micrograph illustrates the
cantilevers to grow toward th¢l120) direction to form  mesa shape prior to growth, while the Figb)7optical mi-
{1100} facets. On the left comb, convergence of cantileversrograph shows a fully webbed structure on sample 5 follow-
expanding vertically from the horizontal fingers has takening the 6 h growth. The size of the fully webbed surface
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observed for 3C-SiC(inconsistent with 0.5 and 1.0 nm
stepheights observed for on-axis epitaxial 4H)S{CThe
presence of 3C-SiC on such mesas was further confirmed by
subsequent thermal oxidatiapolytype and stacking fault
defec) mapping of a small piece of the sample 5 wafer.
This is consistent with the fact that most regions of trench
growth on the sample were shown to be 3C-SiC. In Fi),7
the ends of the mesa fingers near tl{)" demonstrate the
optical appearance of a region of trench growth and mesa/
webbing merging. This contrasts with the optical appearance
of the finger ends on the right half of the Figlby mesa,
FIG. 8. SEM micrograph taken on sample 5 follogi® h of epitaxial V.VhICh may not h"?“’e merged perhaps .due to some combina-
growth. Arrows denote examples of where uncontrolled trench growth hadlon of surface tilt angle and nonuniform trench growth.
clearly merged with the top surface of a mesa/webbing. A screw dislocationl hus, it is not surprising that 0.25 nm high stépslicating
Pexagon-shaped urface mmediately above the distance scale evoned freae. S Mo crogrowthwere observed on the surface of the
aiX:sthrr]issk-isiﬁZped pregrowth mesa}:‘aintly visible in the SEM image. (ﬂg' 7(b) mesa/wet_)bmg' To favorably inhibit trench grOWth
from rising up to interfere with the step-free surface, pat-
terned selective growth masking techniques, such as the gra-
(>1.4x10 3 cn?) is more than four times the top surface Phitic masking technique reported by Estetral > for SiC,
area of the pregrowth mesa. could be employed.

Figure 7c) shows a postgrowth backreflection x-ray to- The initial experimental results presented here indicate
pograph of the same mesa. In backreflection X-ray topothat the rate of 2D nucleation of 3C-SiC on the 4H-SiC basal
graphs c-axis screw dislocations appear as white circles surplane surface can be made small enolgh, close enough
rounded by black rings of various diametéta\vhile AFM  to zerg to enable formation of relatively large step-free 4H-
and NOM inspection of some of these webbed regions reSIiC surfaces and cantilevers. It is worth noting that the re-
vealed no screw dislocation hillocks, spirals, or associate@ults of this study are inconsistent with the much higher
0.5 or 1.0 nm high steps, images of closed-apexis screw nhucleation probabilites reported by Kimoto and
dislocations could be noted in the x-ray topographs. In FigMatsunam?> but important experimental difference@-

7(c), for example, three screw dislocation imagesnoted  cluding pregrowth surface preparation procedure and growth
by arrows reside between the fingers of the mesa whergorocess parametgrare probably responsible for this dis-
there is webbing. The characteristi@xis screw dislocation crepancy. Despite the near-zero nucleation probabilities dem-
image in these cases is somewhat obscured, apparently bgastrated in the present study, 3C-SiC was nevertheless ob-
cause the screw dislocations are confined to the substragerved by AFM (0.25 nm steps and thermal oxidation
(within the trenches, as was the micropipe of Fig.ahd  mapping on some mesas/webs that did not experience merg-
were therefore imaged with penetration of the incident andng with trench growth. For growth times of an hour or less,
diffracted x-ray beams through the thin webbing. less than 5% of mesas in the central regions of wafers expe-

It should be noted that for larger and more complex pretienced 2D nucleation and growth of 3C-SiC. Af h of
growth mesa shapgsuch as the shape of Fig(aJ], some growth (sample %, a majority of webbed mesas that ap-
limited regions exhibited cantilever formation despite thepeared free of trench growth merging experienced growth of
presence of a screw dislocation hillock in the pregrowth3C-SiC. Therefore, the 2D nucleation probability in these
mesa. In these cases, the cantilevering occurred in fingeregtowth conditions is not equal to zero.
regions away from the finger with the screw dislocation, In light of previous studies that have linked the probabil-
and/or to a much lesser lateral extent than nearby fingereitly of 3C-SiC nucleation to the average basal plane terrace
mesas without screw dislocations. width (via substrate tilt ang)?®?’it stands to reason that the

Figure 8 shows a SEM micrograph of part of the sampleprobability of 3C-SiC nucleation also increases with step-
5 wafer surface where all but one of the pregrowth mesafee surface width. As the webbing enlarges the step-free
was free of screw dislocations and experienced completsurface area during growth, the probability of 2D nucleation
webbing. For example, the mesas directly above the SEMf 3C-SiC should also increase. Furthermore, the step-free
scale mark webbed into hexagons starting from asterisk presurface should also harvest more mobile adatoms as its col-
growth mesa shapes. It can be seen in Fig. 8 that materi&ction area enlarges. If the surface adatom mobility is suffi-
grown in the trenches rose nearly to the level of the mesagiently high, such that adatoms do not return to the gas flow
webbing top surface in this region of the wafer. This oc-or 2D nucleate 3C-SiC before migrating to incorporate into
curred because vertical growth on the top of defect-free methe mesa/webbing perimeter, an increased flow of adatoms
sas ceases, while screw dislocations and uncontrolled 3GQvould be supplied to the step-free surface perimeter to con-
SiC nucleation caused vertical growth in the trenches. Théribute to cantilever growth. Under these assumed circum-
arrows in Fig. 8 indicate some of the places where trenclstances, the cantilever expansion rate might be expected to
growth clearly merged with the top of the mesa/webbing. Inincrease as the ardanore accurately, the area-to-perimeter
cases where trench growth merged with mesa/webbing topsatio (A/P)] of the step-free surface increases with growth
AFM measured 0.25 nm steps consistent with stepheightSme.




J. Appl. Phys., Vol. 92, No. 5, 1 September 2002 Neudeck et al. 2399

With the earlier discussion in mind, the narrow fingeredarea produced by selected mesa shapes. The lateral webbing
comb shape, oriented as illustrated on the left side of Fig. 7overgrowsc-axis screw dislocation§ncluding micropipes
exhibits a number of advantages that potentially facilitatethat are located in trenches between mesa structures. This
rapid expansion of the step-free web. First, it takes advantagenables step-free surfaces to be formed on top of these de-
of the previously noted faster cantilever growth toward thefects. Thus the area limitation that SiC substrate screw dis-
(1120) direction for fingers oriented lengthwise in the locations previously imposed on realizing step-free surfaces
(1100) direction. Second, as discussed in the previous pargan be largely overcome with proper selection of pregrowth
graph, the narrow rectangular fingers of the comb shape fgnesa Shape. The realization of Iarger Step-free SiC surfaces
cilitate the most rapid increase in area and A/P to most rapcould permit improvements in both the performance and size
idly increase growth adatom collection and rate of cantilevef wide band gap electronic devices realized by heteroepi-
expansion. Third, as the cantilevers begin to merge, as fd@xial growth.
example is illustrated in the left third of the left Fig. 7 comb,
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